Thymol, carvacrol, and trans-cinnamaldehyde are essential oil (EO) compounds with broad-spectrum antimicrobial activities against foodborne pathogens, including Escherichia coli O157:H7. However, little is known regarding direct resistance and cross-resistance development in E. coli O157:H7 after adaptation to sublethal levels of these compounds, and information is scarce on microbial adaptive responses at a molecular level. The present study demonstrated that E. coli O157:H7 was able to grow in the presence of sublethal thymol (1/2T), carvacrol (1/2C), or transcinnamaldehyde (1/2TC), displaying an extended lag phase duration and a lower maximum growth rate. EO-adapted cells developed direct resistance against lethal EO treatments and cross-resistance against heat (58°C) and oxidative (50 mM H 2 O 2 ) stresses. However, no induction of acid resistance (simulated gastric fluid, pH 1.5) was observed. RNA sequencing revealed a large number (310 to 338) of differentially expressed (adjusted P value [P adj ], Ͻ0.05; fold change, Ն5) genes in 1/2T and 1/2C cells, while 1/2TC cells only showed 27 genes with altered expression. In accordance with resistance phenotypes, the genes related to membrane, heat, and oxidative stress responses and genes related to iron uptake and metabolism were upregulated. Conversely, virulence genes associated with motility, biofilm formation, and efflux pumps were repressed. This study demonstrated the development of direct resistance and cross-resistance and characterized whole-genome transcriptional responses in E. coli O157:H7 adapted to sublethal thymol, carvacrol, or transcinnamaldehyde. The data suggested that caution should be exercised when using EO compounds as food antimicrobials, due to the potential stress resistance development in E. coli O157:H7.
IMPORTANCE The present study was designed to understand transcriptomic changes and the potential development of direct and cross-resistance in essential oil (EO)-adapted Escherichia coli O157:H7. The results demonstrated altered growth behaviors of E. coli O157:H7 during adaptation in sublethal thymol, carvacrol, and trans-cinnamaldehyde. Generally, EO-adapted bacteria showed enhanced resistance against subsequent lethal EO, heat, and oxidative stresses, with no induction of acid resistance in simulated gastric fluid. A transcriptomic analysis revealed the upregulation of related stress resistance genes and a downregulation of various virulence genes in EO-adapted cells. This study provides new insights into microbial EO adaptation behaviors and highlights the risk of resistance development in adapted bacteria. KEYWORDS E. coli O157:H7, RNA sequencing, essential oil adaptation, direct resistance, cross-resistance E scherichia coli O157:H7 is a Gram-negative facultative anaerobe with a low infectious dose (ϳ50 CFU). The Centers for Disease Control and Prevention (CDC) has estimated that E. coli O157:H7 infections cause approximately 73,000 illnesses, 2,200 hospitalizations, and 60 deaths annually in the United States, with an annual cost of 405 million dollars for these illnesses (1) . Infection symptoms range from mild diarrhea to hemorrhagic colitis (HC) and the life-threatening hemolytic-uremic syndrome (HUS). The transmission of E. coli O157:H7 infections is mainly foodborne (52%), with ground beef, fresh produce, and unpasteurized dairy products being the main vehicles of outbreaks (1) .
The food industry is constantly searching for safe and effective natural antimicrobials, due to consumers' demand for less synthetic preservatives in foods. Recently, plant-derived essential oils (EOs) have received strong research interest due to their historical use in foods (as flavorings), generally recognized as safe (GRAS) status, and wide-spectrum antimicrobial activities (2) . Particularly, thymol (Thy), carvacrol (Car), and trans-cinnamaldehyde (TC), the major components of thyme, oregano, and cinnamon EOs, respectively, have demonstrated good antimicrobial activities against E. coli O157: H7, Listeria monocytogenes, and Salmonella enterica serovar Typhimurium (3) .
Despite their promising antibacterial activities in vitro, evidences suggest that the hydrophobic EO compounds tend to interact with food components, including starch, proteins, and fats (4, 5) . As a result of EO-food interaction, the actual amount of EO present in the food matrix might be at a sublethal level for food pathogens, which triggered the question whether it would induce stress adaptation and the formation of resistant bacteria. Previous studies have demonstrated that the exposure to sublethal stresses, such as mild acid or heat, induces adaptation responses in pathogens and makes them more resistant against subsequent lethal treatments (6, 7) . However, limited information is available regarding the direct and cross-resistance development in pathogenic bacteria after exposure to sublethal EO stress. For example, Dubois-Brissonnet et al. (8) reported increased biocide resistance in S. Typhimurium after exposure to terpenes (Thy, Car, eugenol, and citral) at 0.25 to 0.9 MICs. A lack of direct and cross-tolerance (NaCl 5 g/100 ml, pH 5.2, 45°C) was reported in S. Typhimurium following exposure to EOs (rosemary and oregano) or their principal terpene compounds (1,8-cineole and carvacrol) at one-half and one-quarter MICs (9, 10). Hammer et al. (11) reported a lack of direct and antibiotic cross-resistance in Staphylococcus aureus and E. coli following exposure to tea tree EO and its major component terpinen-4-ol at a sublethal level. Chueca et al. (12) reported no increase in direct or cross-resistance (heat and pulsed electric fields) in E. coli following an overnight incubation with sublethal carvacrol or citral, but increased resistance was observed in bacteria after 10 days of consecutive adaptation.
Under stressful conditions, living cells alter their gene expression to maintain intracellular environments and cellular functions. Therefore, transcriptomic analyses, such as RNA sequencing (RNA-seq), enable us to visualize the changes in overall mRNA expression, which can facilitate the identification of microbial stress adaptation mechanisms. Compared to the traditional hybridization-based approach (microarray), RNAseq has the advantages of not requiring prior knowledge of target gene sequences, low background noise, a large dynamic range (up to 9,000-fold change), and high accuracy (13) . RNA-seq technology has been employed to identify genes and metabolic pathways involved in the adaptation of Listeria monocytogenes to growth on vacuumpackaged cold smoked salmon (14) . However, limited RNA-seq studies have been carried out to understand the transcriptional landscape in foodborne pathogens adapting to EO stress. Therefore, the aims of the present study were to investigate the development of direct and cross-resistance in E. coli O157:H7 adapted to sublethal concentrations of EOs (Thy, Car, and TC) and to examine the genome-wide transcriptional responses using RNA-seq analysis.
RESULTS AND DISCUSSION
Effect of sublethal EOs on microbial growth. Thy, Car, and TC were found to inhibit the growth of E. coli O157:H7 at the same MIC of 0.31 mg/ml, which was consistent with a previous study that showed the strong antimicrobial activities of the three compounds (15) . Thus, in this study, EO-adapted cells were prepared by growing E. coli O157:H7 in the presence of 0.16 mg/ml (one-half MIC) Thy (1/2T), Car (1/2C), or TC (1/2TC), and microbial growth during EO adaptation was monitored over 24 h. E. coli O157:H7 showed altered growth behaviors in the presence of sublethal EOs (Fig. 1 ), displaying significantly (P Ͻ 0.05) longer lag phase durations (6 to 8.5 h) and lower maximum growth rates (0.7 h Ϫ1 ) than control cells grown in tryptic soya broth (TSB; 1.4 h and 1.0 h Ϫ1 , respectively). In addition, cells reached significantly (P Ͻ 0.05) lower final population densities (8.5 to 8.6 log CFU/ml) in medium containing sublethal Thy or Car, whereas sublethal TC did not significantly (P Ͼ 0.05) affect the final cell density (9.3 log CFU/ml) compared to that of the control (9.4 log CFU/ml) ( Table 1 ). Similar to the present results, Kim et al. (16) reported an extension of the lag phase by 6 to 12 h in E. coli O157:H7 grown in the presence of 1/2MIC Car (0.5 mg/ml) or eugenol (0.5 mg/ml) compared to that of cells growing in TSB. Dubois-Brissonnet et al. (8) observed lower growth rates of S. Typhimurium in medium containing a sublethal level of terpenes, with growth rates negatively correlated with terpene concentrations. The lag phase indicates the time needed for microorganisms to repair injuries and return to a normal cellular condition that enables replication (6) , while a lower growth rate correlates with stronger resistance against thermal (48°C), UVA, and solar disinfections in E. coli, due to the increasingly expressed stress response proteins (17) .
Previous studies focused mainly on efficacies and mechanisms of EOs on microbial inactivation, but information is scarce regarding the microbial adaptive responses toward sublethal EOs, and less is understood about the underlying molecular mecha- nisms (18) . Therefore, on the basis of the growth behaviors, nonadapted control (7 h) and 1/2T (12 h)-, 1/2C (13 h)-, and 1/2TC (17 h)-adapted cells were collected at early stationary phase and subjected to resistance assays and RNA-seq analysis. Transcriptional responses of E. coli O157:H7 adapted to sublethal thymol, carvacrol, or trans-cinnamaldehyde. The transcriptional profiles of EO-adapted cells were compared against those of a nonadapted control to identify the molecular mechanisms underlying microbial EO adaptation. Compared to that of the control, 1/2T and 1/2C cells showed drastic transcriptomic changes, with 338 and 310 genes, respectively, that were significantly (adjusted P value [P adj ] of Ͻ0.05) differentially expressed by more than 5-fold. Conversely, 1/2TC cells only showed a small difference, with 27 differentially expressed genes ( Fig. 2 ). Among the differentially expressed genes in 1/2T, 1/2C, and 1/2TC cells, 113 (33%), 120 (39%), and 0 genes, respectively, were downregulated, while 225 (67%), 190 (61%), and 27 (100%) genes, respectively, were upregulated.
Genes induced in cells adapted to 1/2T and 1/2C were those related to stress responses, including the envelope stress phage shock operon (pspABCDG), heat shock protein (HSP) genes ( 32 , hspQ, and ibpAB), and oxidative stress resistance genes (sodA, grxA, and trxC). In addition, genes encoding efflux pumps and iron transport were significantly (P adj Ͻ 0.05) upregulated in 1/2T-and 1/2C-adapted cells. Cells adapted to 1/2TC, conversely, mainly showed upregulated genes related to oxidative stress resistance and iron transport (see Table S1 in the supplemental material). Downregulated genes mainly consisted of those involved in motility (flagella and chemotaxis), virulence (shiga toxins and type III secretion system), and cell division (minCDE) (see Table S2 ).
Limited studies have been performed on transcriptomic changes in bacteria during EO adaptation. Rao et al. (19) reported that the exposure of Saccharomyces cerevisiae to Car at 0.005% (one-half MIC) or 0.01% (MIC) for 15 min induced 492 to 800 genes relating to stress response, drug efflux, and alternate metabolic pathways and repressed 430 to 603 genes involved in nucleic acid metabolism and cell division. Visvalingam et al. (20) observed a total of 195 and 466 differentially expressed genes in E. coli O157:H7 exposed to TC for 2 h and 4 h, respectively, with many stress-related genes upregulated at 2 h but not at 4 h. Kollanoor Johny et al. (21) found 566 and 483 differentially expressed genes in Salmonella enterica serotype Enteritidis exposed to sublethal TC and eugenol, respectively, with genes involved in motility, virulence, and biosynthetic pathways repressed and genes encoding heat shock response and efflux pumps induced. However, most of these reported studies examined transcriptomic changes after short EO exposures (15 min to 4 h), while resistance behaviors in EO-adapted cells were generally evaluated using overnight adapted cells, due to the known stronger resistance in stationary-phase cells than in their exponential-phase counterparts (22) . Hence, the results from the present study offer new insights into the genetic responses of EO-adapted stationary-phase cells, and may be of relevance to the food industry where microbial cells are more likely to experience chronic exposure to sublethal levels of antimicrobial residues.
To confirm whether the increased expression of stress resistance genes would lead to measurable resistance behaviors, EO-adapted cells were challenged in lethal treatments, using EOs (Thy, Car, and TC), heat (58°C), acid (simulated gastric fluid, pH 1.5), and oxidative (H 2 O 2 , 50 mM) stresses.
Resistance of EO-adapted E. coli O157:H7 to thymol, carvacrol, and transcinnamaldehyde. The stress resistance behaviors, as represented by D values, of nonadapted and EO-adapted E. coli O157:H7 against various lethal treatments are shown in Table 2 . Cells adapted to 1/2T and 1/2C became more resistant against subsequent Thy (D value ϭ 4.2 to 4.3 min), Car (4.5 to 5.1 min), and TC (160.7 to 161.7 min) treatments, whereas cells adapted to 1/2TC only developed direct resistance against TC treatment (243.7 min) compared to those of the control (D values of 2.3, 0.9, and 77.1 min, respectively) ( Table 2 ). Exposure of E. coli strains to tea tree EO or terpinen-4-ol induced EO resistance, with a 2-fold increment in MIC in adapted cells compared to that of the nonadapted control (11) . Similarly, Ultee et al. (23) reported enhanced survival of Bacillus cereus during lethal Car treatment after adaptation to sublethal (0.4 mM) Car.
A transcriptomic analysis revealed a strong upregulation of phage shock protein (psp) genes (416.9 to 1459.2-fold) in cells adapted to 1/2T and 1/2C but not in cells adapted to 1/2TC ( Table 3 ). The Psp system is a conserved stress response system in E. coli that is activated by the disruption of cytoplasmic membrane (CM) integrity and a loss of proton motive force (pmf) (24) , which is consistent with the known membranedisintegrating properties of Thy and Car (15) . Other membrane-altering stresses, such as osmotic shock (25) and hydrophobic solvents (26), also increased microbial psp gene expression. In contrast, the lack of psp induction in cells adapted to 1/2TC suggests that TC at a sublethal concentration probably did not affect membrane integrity, a phenomenon that was also reported by Helander et al. (15) . The upregulated psp gene possibly contributed to the observed EO resistance in adapted cells by maintaining membrane structure and functions during stress exposure. PspA was reported to reduce lipid bilayer deformation (27) and suppress proton leakage from damaged CMs (28) by interacting with phosphatidylserine (PS) and phosphatidylglycerol (PG) and reducing the fluidity of the distorted phospholipid bilayer. In addition, PspB and PspC prevent lethal cytoplasmic membrane permeability induced by secretin (29) . An alteration of the membrane fatty acid composition and a reduction of membrane fluidity counter the measures of microbial cells against EO damages (23) , which are known to cause membrane fluidization and permeabilization (18) . These results suggested that the use of EOs at sublethal concentrations should be avoided, due to the potential development of EO-resistant bacteria.
Heat resistance of EO-adapted E. coli O157:H7. All EO-adapted E. coli O157:H7 groups showed significantly (P Ͻ 0.05) increased heat resistance (D value ϭ 1.9 to 2.4 min) compared to that of the nonadapted control (1.5 min) ( Table 2 ). Unlike the present results, studies evaluating other Gram-negative bacteria such as Pseudomonas aeruginosa and S. Typhimurium reported no change in resistance toward mild heat (45°C) treatment (9, 30) , which might be attributed to the different microbial strains and lethal conditions used.
In accordance with the present experimental results, RNA-seq revealed the upregulation of various heat shock protein (HSP) genes in cells adapted to 1/2T and 1/2C but not in those adapted to 1/2TC. These include the RNA polymerase sigma factor 32 , which regulates the transcription of approximately 30 HSPs involved in microbial heat survival (31) , molecular chaperons (IbpA and IbpB) that stabilize and protect proteins against irreversible denaturation (32) , and proteases (HtpX, HspQ, and ECs0165) that degrade damaged proteins (33) ( Table 3 ). Burt et al. (34) demonstrated that an overnight incubation of E. coli O157:H7 with sublethal Car (1 mM) inhibited flagellin synthesis and induced a significant production of HSP60. By using proteomic analysis, Pasqua et al. (35) demonstrated the upregulation of HSPs and the outer membrane stress response in S. enterica serovar Thompson exposed to sublethal (0.01%) Thy. By ensuring the quality of proteins, the HSPs exert homeostatic control of the biological membrane and cellular functions during a time of stress, thereby enhancing the survival of E. coli at elevated temperatures (36) .
The induction of HSPs during EO adaptation might be attributed to a microbial regulatory response to abnormalities in membrane structures, induced by EO insertion into the phospholipid bilayer. Hydrostatic pressure (30 to 50 MPa), which is known to solidify cellular membrane lipids and decrease membrane fluidity (37) , and adaptation to lettuce leaf surface, which causes microbial membrane damage by desiccation stress (25) , were reported to induce HSPs in E. coli. In addition, direct EO-protein interaction might also elicit an HSP response by creating misfolded and damaged proteins in the cytoplasm. Nobre et al. (38) reported that the treatment of E. coli with the carbon monoxide (CO)-releasing compound CORM-2, whose antimicrobial activity was attributed to the binding and inhibition of respiratory chain enzymes, induced a range of HSPs in bacteria.
The development of direct resistance against TC treatment and cross-resistance against heat treatment in E. coli O157:H7 adapted to 1/2TC was not explained by the RNA-seq results. Previous studies have demonstrated that transcriptional responses diminish with time. For example, the induction of stress response genes was observed to peak at 10 to 15 min after drug exposure in Candida albicans, followed by rapid decay by 30 min postexposure (39) . Similarly, for E. coli grown under a high pressure stress condition, the levels of HSPs induced were much higher in early-log-phase cells (3 to 5 h) than in late-log-phase cells (7 to 11 h) (37) . It seems that mRNAs were transiently induced in response to stress exposure and subsequently degraded for the bacterial cells to readjust to the new environment. Hence, judging from the long duration (17 h) ( Fig. 1) required for E. coli O157:H7 to reach stationary phase when grown in the presence of sublethal TC compared to that when grown in Thy (12 h) and Car (13 h), we suspect that the necessary stress-related transcriptional changes were already completed by the time we collected the bacterial cells for RNA-seq analysis. To confirm this hypothesis, a proteomic analysis should be performed in future investigations to determine if stress-resistant proteins are synthesized in 1/2TC-adapted cells. Nevertheless, the results from the present study demonstrated an enhanced heat resistance in all adapted E. coli O157:H7 cells, suggesting that the use of sublethal EOs should be avoided during industrial application.
Acid resistance of EO-adapted E. coli O157:H7. The low acidity in the human stomach (pH 1.5 to 3.0) acts as the first defense line against microbial infection; hence, the ability of enteric pathogens, such as E. coli O157:H7, to survive extreme acidic conditions is an important virulence property that is inversely correlated with the infectious dose (1). No significant difference was detected for acid resistance when nonadapted and EO-adapted E. coli O157:H7 cells were exposed to simulated gastric fluid (SGF) at pH 1.5 ( Table 2) . A similar lack of acid tolerance induction was demonstrated in S. Typhimurium and P. aeruginosa following adaptation to sublethal Car (9, 30) ; however, most of these studies were conducted using mild acidic treatment (lactic acid, pH 5.2) that did not cause significant microbial inactivation. On the other hand, the present study evaluated the acid resistance of EO-adapted E. coli O157:H7 under a strong acid condition (pH 1.5) in simulated gastric fluid, which is more relevant to their clinical impacts.
Data for the downregulation and upregulation of acid resistance (AR) genes in EO-adapted cells are presented in Table S2 in the supplemental material and Table 3 . The downregulated arginine-dependent AR system, consisting of arginine decarboxylase (aidA), arginine:agmatine antiporter (adiC), and a transcription regulator (adiY), functions by consuming intracellular protons, thereby maintaining the internal pH within a physiological range conducive to E. coli survival in an acidic environment (1) . In addition, the downregulated hdeA and hdeB encoding chaperone proteins are known to protect periplasmic proteins from acid damage by binding to acid-denatured proteins and preventing their irreversible aggregation (40) . Conversely, the upregulated lysine-dependent AR, consisting of lysine decarboxylase (cadA) and lysine-cadaverine exchanger (cadB), offers a weaker acid protection for E. coli at pH 2.5 (41) . Previous studies demonstrated the upregulation of AR genes in E. coli as a direct stress response following exposure to organic/inorganic acids (42) or as a general stress response when grown in a food matrix, such as ground beef extract (43) and lettuce (25) .
One possible explanation for the lack of acid resistance in the SGF assay is that E. coli O157:H7 possesses multiple AR systems, namely, the oxidative AR, and the arginine-, glutamine-, and lysine-dependent AR systems (40) . Hence, the up-or downregulation of one or two AR systems might not result in a physiological impact. For example, Carter et al. (44) reported that the deletion of the hdeB gene in E. coli O157:H7 did not affect its survival at pH 2.0, while Price et al. (45) found that the arginine-dependent AR system was not essential for survival in both apple cider (pH 3.5) and bovine gastrointestinal tract (pH 2.0 to 2.5), due to the activities of other AR systems. Moreover, the glutamine-dependent AR genes, which are associated with protection in a strong acid environment (Ͻ pH 2.0), were not significantly induced in EO-adapted cells. The other AR systems, such as arginine-dependent AR (pH Ն 2.5) (40) and HdeA and HdeB (pH 2 to 3) (46), are known to be the most efficient under milder acid conditions. Therefore, the testing condition in the present study (pH 1.5) might be too harsh for the up-or downregulated ARs to show a physiological impact.
Overall, the results from the present study suggest that EO adaptation did not induce acid resistance in E. coli O157:H7 at pH 1.5 in SGF. Nevertheless, future works should also evaluate the survival of adapted bacteria under milder conditions (pH 2.0 to 3.5), which are commonly encountered in acidic foods (e.g., apple cider) (45), to assess the virulence of these EO-adapted pathogens.
Oxidative stress resistance of EO-adapted E. coli O157:H7. During host-pathogen interactions, microorganisms usually encounter a high level of O 2
Ϫ , generated by the mammalian immune systems. Thus, the ability of pathogens to resist oxidative stress would enhance their survival during infection and contribute to their virulence (47) . All EO-adapted E. coli O157:H7 cells displayed a significantly (P Ͻ 0.05) stronger resistance (D value, 5.1 to 5.5 min) against oxidative stress (50 mM H 2 O 2 ) than the nonadapted control (D value, 4.1 min) ( Table 2 ). Similar to this observation, Dubois-Brissonnet et al. (8) observed an increased resistance in sublethal terpene-adapted S. Typhimurium against the biocide peracetic acid (PA), an oxidizing agent that interacts with and causes damage to microbial macromolecules.
In agreement with the observed phenotype, genes related to oxidative stress defense were significantly (P Ͻ 0.05) upregulated in EO-adapted cells. These include transcription regulators (soxRS) (48), a reactive oxygen species (ROS) scavenger (sodA) and its manganese cofactor transporter (mntH) (49) , and several oxidative damage repair enzymes (msrB, trxC, and grxA), which help to restore lost structure and functions in oxidized proteins, thereby maintaining normal cellular activities and enhancing microbial survival under oxidative stress (50) ( Table 3) . A similar induction of oxidative stress response genes was observed in E. coli upon exposure to epigallocatechin gallate (EGCG) (soxR, sodA) (51) and cinnamaldehyde (20) . The induction of these genes in EO-adapted cells suggests that EOs might impose oxidative stress on E. coli O157:H7. Chueca et al. (52, 53) demonstrated that Car, citral, and (ϩ)-limonene induce ROS formation and result in oxidative DNA damage in E. coli. Similarly, Xiong et al. (51) reported that the bactericidal activity of polyphenol EGCG against E. coli was due to its ability to induce intracellular superoxide formation. The mechanism by which EOs triggered ROS production, however, remains to be elucidated. Xiong et al. (51) suggested that the ROS production was a result of metabolic instability when microbial cells were challenged with bactericidal agents.
Apart from the induction of the oxidative stress response, a large number of genes related to iron transport and metabolism, such as iron-enterobactin transporters, Fe 2ϩ transporters (feoAB), and heme utilization (chuA) (54) , were upregulated in EO-adapted cells ( Table 3) . Iron is an essential nutrient for bacteria, as it is contained within the redox center of various metabolic enzymes. Hence, an induced uptake and metabolism of iron may enhance microbial survival under stress conditions (54) . The overexpression of iron acquisition genes was reported in S. cerevisiae exposed to Thy (55) and in E. coli exposed to n-butanol (56) and was found to contribute to microbial oxidative resistance (by sequestering free irons, which generate ROS via the Fenton reaction) and host colonization, where the concentration of free iron is extremely low (57) .
The results obtained demonstrated that EO adaptation enhanced oxidative stress resistance in E. coli O157:H7, which possibly contributes to a better survival of these pathogens during host infection. Hence, the use of sublethal EOs should be avoided.
RT-qPCR validation. Reverse transcription-quantitative PCR (RT-qPCR) results confirmed the increased expression of genes related to membrane (pspD and pspG), heat (ibpB), and oxidative (grxA and soxS) stress responses and iron transport (ECs0632 and feoA) in EO-adapted E. coli O157:H7 cells compared to that in the nonadapted control (Fig. 3) . The numerical values of fold change obtained from RNA-seq were generally higher than those from PCR, suggesting a wider dynamic range of RNA-seq analysis. Different from Bi et al. (55) , who reported a strong positive correlation (r ϭ 0.96) between RT-PCR and microarray results in Thy-treated S. cerevisiae, we did not observe a good correlation between these two methods (data not shown), possibly due to the different batches of RNA used. Similarly, King et al. (42) reported a similar trend of upand downregulation of genes in acid-stressed E. coli by RT-qPCR and microarray, but with a poor correlation of the numerical values of fold changes.
Conclusion. In light of these findings, it can be concluded that the adaptation of E. coli O157:H7 to a sublethal level of thymol, carvacrol, or trans-cinnamaldehyde induced both direct and cross-resistance against subsequent lethal treatments using essential oils (EO), heat, acid, and oxidative stresses. A transcriptomic analysis by RNA-seq immediately cooled in iced water for 5 min, diluted in 0.1% PW, and plated on TSA to count viable cells. The D values (min) of EO-adapted and nonadapted cells were calculated as described above.
Determination of acid resistance. The acid resistance of E. coli O157:H7 was determined using simulated gastric fluid (SGF) at pH 1.5. SGF was prepared with the following composition: 8.3 g/liter proteose-peptone (Oxoid), 3.5 g/liter D-glucose (Goodrich Chemical Enterprise, Singapore), 2.05 g/liter NaCl (Goodrich Chemical Enterprise), 0.6 g/liter KH 2 PO 4 (Sigma-Aldrich), 0.11 g/liter CaCl 2 (Goodrich Chemical Enterprise), 0.37 g/liter KCl (Goodrich Chemical Enterprise), 0.1 g/liter lysozyme (Sigma-Aldrich), and 13.3 mg/liter pepsin (Sigma-Aldrich). All compounds were dissolved in distilled water and autoclaved, except for lysozyme and pepsin, which were filter sterilized (0.2 m). The mixing of sterile components was performed inside a biosafety cabinet (BSC; ESCO, Marietta, OH, USA), and the final pH was adjusted to 1.5 using 5.0 N HCl (Merck, Darmstadt, Germany) (7) . Adapted and nonadapted (control) E. coli O157:H7 cells were inoculated (final inoculum, 10 5 CFU/ml) in 10 ml SGF solution, which was prewarmed to 37°C in a stirring water bath (Valchim). Microbial survival was monitored by sampling at appropriate time intervals, and D values (min) of EO-adapted and nonadapted cells were calculated as described above.
Determination of oxidative stress resistance. EO-adapted and nonadapted (control) E. coli O157:H7 cells were inoculated (final inoculum, 10 5 CFU/ml) in 10 ml 1ϫ PBS containing 50 mM hydrogen peroxide (H 2 O 2 ; Sigma-Aldrich) and incubated at room temperature (ca. 23°C). Samples were removed periodically to determine the number of survivors, and D values were calculated as described above.
Transcriptomic analysis. To understand transcriptional response of E. coli O157:H7 (ATCC 35150) adapting to EO stress, a comparative transcriptomic analysis was performed between EO-adapted E. coli O157:H7 cells and the nonadapted control. The experiment was conducted with three biological replicates for each sample type. Early stationary-phase nonadapted and EO-adapted E. coli O157:H7 cultures were stabilized with RNAprotect Bacteria reagent (Qiagen, Hilden, Germany), and RNA extraction was performed using an RNeasy minikit (Qiagen) with on-column DNase digestion, according to the manufacturer's protocols. The quality and concentration of extracted RNA were verified using a Nanodrop 1000 (Thermo Scientific Inc., Wilmington, DE, USA), and the integrity was checked by agarose gel electrophoresis. The total RNA was treated again with a Turbo DNase (Life Technologies, USA) kit and purified with Agencourt RNAClean XP magnetic beads (Beckman Coulter). Agilent 2200 TapeStation (Agilent Technologies, USA) was employed to determine the quality and integrity of the total RNA. The quantification of the total RNA and DNA contamination was performed with Qubit 2.0 fluorometer assays (Life Technologies, CA, USA). Total RNA (5 g) was rRNA depleted with a Ribo-Zero bacterial rRNA removal kit (Illumina, USA), and NEBNext RNA first strand synthesis module and NEBNext Ultra Directional RNA second strand synthesis module kits (New England BioLabs, USA) were used to synthesize double-stranded cDNA from up to 100 ng of ribosome-depleted RNA. The cDNA purification was performed with Agencourt AMPure XP magnetic beads (Beckman Coulter). Double-stranded cDNA was quantified with Qubit 2.0 fluorometer assays (Life Technologies, CA, USA), and samples were submitted to SCELSE's sequencing facility for TruSeq Stranded mRNA library preparation (Illumina, USA).
The library was sequenced on an Illumina HiSeq 2500 platform (Illumina) using a paired-end protocol and a read length of 2 ϫ 100 bp. The raw reads were quality filtered, adaptors were removed, and any reads below 50 bp were discarded. The reads were then mapped onto the E. coli O157:H7 strain Sakai reference genome (NC_002695), and the raw read count table was generated using CLC genomics Workbench 10.0 (CLC Bio, Arhus, Denmark). Statistical analysis was performed using the DESeq2 package (60), with transcript counts normalized to effective library size. A negative binomial test was used to identify differentially expressed genes, with cutoff criteria set at an adjusted P value (P adj ) of Ͻ0.05 and a fold change of Ն5. RT-qPCR. Seven genes that showed significant (P adj Ͻ 0.05) differential expression in RNA-seq were validated by RT-qPCR. The 16S rRNA gene was used as an endogenous control for normalization within samples. Forward and reverse PCR primers for the target genes were designed on the basis of the NCBI E. coli O157:H5 strain Sakai genomic sequence (NC_002695) using Prime3 software (http://bioinfo.ut.ee/ primer3-0.4.0/) with the following criteria: amplicon size, 100 to150 bp; calculated primer melting temperature, 57 to 62°C; GC content, 40 to 60%; and probabilities of primer-dimer/hairpin formation were minimized ( Table 4 ).
The template cDNA was synthesized from 1 g of extracted total RNA by reverse transcription using a GoScript reverse transcription system (Promega, Fitchburg, WI, USA) with random primers according to the manufacturer's instructions. The cDNA was used as a template for qPCR with SYBR Select master mix kit (catalog no. 4472953; Applied Biosystems, Carlsbad, CA, USA), with each qPCR mix (total volume 25 l) consisting of 1 l cDNA, 1 l each forward and reverse primer (25 M stock), 10 l SYBR green supermix, and 7 l nuclease-free water. Real-time PCR was performed on a StepOnePlus real-time PCR system (Applied Biosystems) with the following thermal cycling conditions: 95°C for 30 s (denaturation and polymerase activation) and 40 cycles of 95°C for 3 s and 60°C for 30 s (amplification). The specificity of the PCR was determined with a melting curve analysis (60 to 95°C with a heating rate of 0.3°C/s) and agarose gel electrophoresis. The relative changes in gene expression in EO-adapted cells compared to that of the nonadapted control were calculated using the 2 ϪΔΔCT method (61).
Statistical analysis. All experiments were performed in duplicates and repeated at least three times (n ϭ 6). The results are represented as means Ϯ standard deviations, and significant differences (P Ͻ 0.05) were determined by one-way analysis of variance (ANOVA) and a Tukey's post hoc test with the IBM SPSS statistical software (version 20; SPSS Inc., IBM Corporation, Armonk, NY, USA).
